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4ECTONIC CONTROLS ON THE LONGTERM CARBON ISOTOPE
MASS BALANCE
'RAHAM ! 3HIELDS AND "ENJAMIN * 7 -ILLS
$EPARTMENT OF %ARTH 3CIENCES 5NIVERSITY #OLLEGE ,ONDON 'OWER 3TREET ,ONDON 7#% "4 5+ GSHIELDS UCLACUK 3CHOOL OF %ARTH AND %NVIRONMENT
5NIVERSITY OF ,EEDS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 5+ BMILLS LEEDSACUK
3UBMITTED TO 0ROCEEDINGS OF THE .ATIONAL !CADEMY OF 3CIENCES OF THE 5NITED 3TATES OF !MERICA
4HE LONGTERM STEADYSTATE MARINE CARBON ISOTOPE RECORD REmECTS
CHANGES TO THE PROPORTIONAL BURIAL RATE OF ORGANIC CARBON RELATIVE
TO TOTAL CARBON ON A GLOBAL SCALE &OR THIS REASON TIMES OF HIGH ˡ#
ARE CONVENTIONALLY INTERPRETED TO BE OXYGENATION EVENTS CAUSED BY
EXCESS ORGANIC BURIAL (ERE WE SHOW THAT THE CARBON ISOTOPE MASS
BALANCE IS ALSO SIGNIlCANTLY AFFECTED BY TECTONIC UPLIFT AND EROSION
VIA CHANGES TO THE INORGANIC CARBON CYCLE THAT ARE INDEPENDENT OF
CHANGES TO THE ISOTOPIC COMPOSITION OF CARBON INPUT 4HIS VIEW
IS SUPPORTED BY INVERSE COVARIANCE BETWEEN ˡ# AND A RANGE
OF UPLIFT PROXIES INCLUDING SEAWATER 3R3R THAT DEMONSTRATES
HOW EROSIONAL FORCING OF CARBONATE WEATHERING OUTWEIGHS THAT OF
ORGANIC BURIAL ON GEOLOGICAL TIME SCALES ! MODEL OF THE LONGTERM
CARBON CYCLE SHOWS THAT INCREASES IN ˡ# NEED NOT BE ASSOCIATED
WITH INCREASED ORGANIC BURIAL AND THAT ALTERNATIVE TECTONIC DRIVERS
EROSION OUTGASSING	 PROVIDE TESTABLE AND PLAUSIBLE EXPLANATIONS
FOR SUSTAINED DEVIATIONS FROM THE LONGTERM ˡ# MEAN /UR AP
PROACH EMPHASIZES THE COMMONLY OVERLOOKED DIFFERENCE BETWEEN
HOW NET AND GROSS CARBON mUXES AFFECT THE LONGTERM CARBON
ISOTOPE MASS BALANCE AND MAY LEAD TO REASSESSMENT OF THE ROLE
THAT THE ˡ# RECORD PLAYS IN RECONSTRUCTING THE OXYGENATION OF
%ARTHಬS SURFACE ENVIRONMENT
CARBON ISOTOPES | MASS BALANCE | TECTONICS | CARBONATE WEATHERING |
LONGTERM CARBON CYCLE
)NTRODUCTION
&BSUIಬT IJHIMZ PYZHFOBUFE BUNPTQIFSF EFSJWFT MBSHFMZ GSPN UIF
TQMJUUJOH PG UIFXBUFSNPMFDVMF EVSJOH QIPUPTZOUIFTJT 3FTQJSBUJPO
BOE EFDBZ SFWFSTF UIJT QSPDFTT DPOTVNJOH PYZHFO CVU UIF CVSJBM
PG PSHBOJD NBUUFS JO TFEJNFOUT BMMPXT PYZHFO UP BDDVNVMBUF JO
UIF BUNPTQIFSF /FU PYZHFOBUJPO NBZ BMTP BSJTF GSPN CVSJBM PG
SFEVDFE TVMQIVS TQFDJFT CVU UIF PSHBOJD DBSCPO CVSJBM GMVY IBT
CFFO UIF NBKPS TPVSDF PG PYZHFO UISPVHIPVU UIF 1IBOFSP[PJD 	


#FDBVTF QIPUPTZOUIFTJT SFTVMUT JO $EFQMFUFE PSHBOJD DBS
CPO UIF DBSCPO JTPUPQF DPNQPTJUJPO PG QBTU PDFBOT IBT QMBZFE
BO JNQPSUBOU SPMF JO USBDJOH UIF PYZHFOBUJPO PG &BSUIಬT TVSGBDF
FOWJSPONFOU 5IF DPOWFOUJPOBM JOUFSQSFUBUJPO PG $JTPUPQF NBTT
CBMBODF 	
 QSFTVNFT UIBU QSPMPOHFE JOUFSWBMT PG IJHI DBSCPOBUF
ˡ$ BSF UIF SFTVMU PG FMFWBUFE SBUFT PG PSHBOJD DBSCPO CVSJBM
	SFNPWJOH B MBSHFS GSBDUJPO PG $EFQMFUFE PSHBOJD NBUUFS
 BOE
TP DPSSFTQPOE UP BO FYDFTT PG PYZHFO QSPEVDUJPO PWFS DPOTVNQ
UJPO XIJDI JT JO MBSHF QBSU EVF UP UIF PYJEBUJPO PG PSHBOJD NBUUFS
EVSJOH TVSGBDF XFBUIFSJOH 5IJT QBSBEJHN IBT MFE UP UIF WJFX UIBU
BUNPTQIFSJD PYZHFO MFWFMT SPTF BU UISFF DSVDJBM KVODUVSFT JO &BSUI
IJTUPSZ BU ∼ (B 	
 ∼ (B 	
 BOE ∼ (B 	

BOE UIJT IBT CFDPNF HFOFSBMMZ BDDFQUFE 	

5IJT QBSBEJHN FODPVOUFST EJGGJDVMUJFT 'JSTUMZ BMUIPVHI
&BSUIಬT PYZHFOBUJPO IJTUPSZ EPFT OPU SFMZ TPMFMZ PO DBSCPO JTPUPQF
EBUB JU JT SFNBSLBCMF UIBU JOEFQFOEFOU FWJEFODF GPS PYZHFOBUJPO
EPFT OPU BMXBZT DPJODJEF XJUI IJHI ˡ$ 	
 5IF &EJBDBSBO
$BNCSJBO GBVOBM SBEJBUJPO 	$BNCSJBO &YQMPTJPO
 XIJDI JT DPN
NPOMZ BUUSJCVUFE UP PYZHFOBUJPO JT TUSBOHFMZ BDDPNQBOJFE CZ
MPX SBUIFS UIBO IJHI ˡ$ 	'JH 
 XIJMF UIF NBOZ GMVDUVBUJPOT
JO BUNPTQIFSJD PYZHFO CFUXFFO  BOE  UIBU IBWF CFFO
JEFOUJGJFE VTJOH UIF 1IBOFSP[PJD DBSCPO JTPUPQF SFDPSE 	
 MBDL
DPSSPCPSBUJOH FWJEFODF 	
 "MUIPVHI TVDI JODPOTJTUFODJFT BSF
XJEFMZ BDLOPXMFEHFE BMUFSOBUJWF FYQMBOBUJPOT UP FYQMBJO HMPCBM
USFOET JO ˡ$ BSF VODPNNPO 0OF QPTTJCMZ WJBCMF BMUFSOBUJWF
BUUSJCVUFT ˡ$ GMVDUVBUJPOT UP UIF BNPVOU PG EJBHFOFUJDBMMZ QSF
DJQJUBUFE 	BOE JTPUPQJDBMMZ MJHIU
 DBSCPOBUF DFNFOU XPSMEXJEF
	
 4VDI MBSHF DIBOHFT SFNBJO VOTVCTUBOUJBUFE XIJMF UIF
MJOL UP UIF HMPCBM DBSCPO DZDMF NVTU BQQFBM UP B TBNQMJOH CJBT
XIFSFJO B HSFBU NBTT PG JTPUPQJDBMMZ MJHIU NBUFSJBM DBO CF CVSJFE
	UP ESJWF B QPTJUJWF FYDVSTJPO
 ZFU EPFT OPU MPXFS UIF CVML JTPUPQJD
DPNQPTJUJPO PG UIF DBSCPOBUFT XIJDI BSF BOBMZ[FE 8F BSHVF UIBU
UIF QSFTFSWBUJPO PG B ˡ$ TJHOBM UIBU JT DPSSFMBUFE XJUI PUIFS
HMPCBM QSPDFTTFT JT FWJEFODF BHBJOTU TVDI TBNQMJOH FSSPST BOE
NVTU CF UIF SFTVMU PG EFGJOBCMF TZTUFN JOUFSBDUJPOT 	'JH 

" TFDPOE QSPCMFN TUFNT GSPN UIF ESJWJOH NFDIBOJTN GPS
JODSFBTFE PSHBOJD CVSJBM EVSJOH UJNFT PG IJHI ˡ$ *U JT XJEFMZ
TVQQPTFE UIBU IJHIFS SBUFT PG PSHBOJD CVSJBM BSF DBVTFE CZ JO
DSFBTFE OVUSJFOU JOQVU BOEPS TFEJNFOUBUJPO SBUFT UISPVHI XFBUI
FSJOH BOE FSPTJPO 	
 )PXFWFS MPOHUFSN DBSCPO JTP
UPQF USFOET FYIJCJU MPX OPU IJHI WBMVFT EVSJOH UIF DPMMJTJPOBM
QIBTFT PG TVQFSDPOUJOFOU GPSNBUJPO XIJMF ˡ$ TIPXT BO VOFY
QFDUFE JOWFSTF SFMBUJPOTIJQ XJUI FSPTJPO QSPYJFT TVDI BT TFBXBUFS
4S4S BOE SFDPOTUSVDUFE TFEJNFOU NBTTFT 	'JH  TFF 4* GPS
DPSSFMBUJPOT
 CFTU JMMVTUSBUFE CZ UIF &EJBDBSBO0SEPWJDJBO PSP
HFOJD JOUFSWBM PG FYDFQUJPOBMMZ IJHI TFEJNFOUBSZ GMVYFT XIJDI BSF
JOEFQFOEFOUMZ WFSJGJFE CZ [JSDPO JTPUPQF TUVEJFT 	TFF 4*
  5IF $
JTPUPQF SFDPSE JNQMJFT UIFSFGPSF UIBU FSPTJPOBM GPSDJOH PG PSHBOJD
CVSJBM EPFT OPU DPOUSPM UIF MPOHUFSN$ JTPUPQFNBTT CBMBODF BOE
3IGNIlCANCE
4HE CARBON ISOTOPE RECORD HAS PLAYED A MAJOR ROLE IN RE
CONSTRUCTING THE OXYGEN AND CARBON DIOXIDE CONTENT OF THE
ANCIENT ATMOSPHERE (OWEVER KNOWN OXYGENATION EVENTS ARE
NOT ALWAYS REmECTED IN THE ISOTOPIC RECORD OF MARINE CARBON
ATE ROCKS WHILE CONVENTIONAL INTERPRETATIONS IMPLY THAT LESS
ORGANIC MATTER IS BURIED WHEN EROSION RATES ARE HIGH WHICH
IS HARD TO EXPLAIN (ERE WE SHOW THAT BOTH ISSUES CAN BE
RESOLVED IF LIMESTONE WEATHERING MAKES UP A PROPORTIONATELY
GREATER FRACTION OF THE GLOBAL CARBON CYCLE AT HIGH EROSION
RATES 7E ARGUE THAT THE LINK BETWEEN CARBON ISOTOPES AND
OXYGENATIONIS MORE TENUOUS THAN COMMONLY ASSUMED AND
PROPOSE A CASEBYCASE REEXAMINATION OF %ARTHಬS OXYGENATION
HISTORY
2ESERVED FOR 0UBLICATION &OOTNOTES
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&IG  0HANEROZOIC RECORDSOF MARINE CARBONATE ˡ# 	 SEAWATER 3R
ISOTOPE COMPOSITION 	 AND MASS OF SEDIMENTARY MATERIAL TWO SHADES
CORRESPOND TO MEASURED AND ESTIMATED TOTAL MASS RESPECTIVELY	 	 $IVERSE
TECTONIC PROXIES IDENTIFY THE %DIACARAN/RDOVICIAN INTERVAL AS A TIME OF
MAXIMAL UPLIFT AND EROSION BUT MINIMAL ˡ# SEE 3)	
UIBU BOZ TVDI FGGFDU NBZ CF PVUXFJHIFE CZ BO FSPTJPOBM GPSDJOH PG
DBSCPOBUF CVSJBM
5IF MPOHUFSN DBSCPO JTPUPQF NBTT CBMBODF
'JHVSF  TIPXT B SFQSFTFOUBUJPO PG UIF MPOHUFSN DBSCPO
DZDMF XIJDI GPSNT UIF CBTJT GPS JTPUPQF NBTT CBMBODF DBMDVMBUJPOT
	
 $BSCPO FOUFST UIF BUNPTQIFSFPDFBO TZTUFN CZ GPVS SPVUFT
PYJEBUJWF XFBUIFSJOH PG GPTTJM DBSCPO 	'XH
 DBSCPOBUF XFBUIFSJOH
	'XD
 BOE NFUBNPSQIJD EFHBTTJOH PG TFEJNFOUBSZ PSHBOJD DBSCPO
	'NH
 BOE DBSCPOBUFT 	'ND
 $BSCPO MFBWFT UIF TVSGBDF QPPM WJB
CVSJBM PG PSHBOJD DBSCPO 	'CH
 BOE JOPSHBOJD DBSCPOBUFT 	'CD

XJUI UIF GSBDUJPO PG UPUBM CVSJBM MFBWJOH WJB UIF PSHBOJD SPVUF
EFOPUFE GPSH 5IF EBTIFE MJOFT JO GJHVSF  TIPX BO JNQPSUBOU
EJGGFSFODF CFUXFFO OFU 	TPMJE MJOFT
 BOE HSPTT 	BMM MJOFT
 GMVYFT JO
UIF DBSCPO DZDMF XIJDI BSJTFT CFDBVTF UIF DBSCPOBUF XFBUIFSJOH
QSFDJQJUBUJPO DZDMF JT B $0 OFVUSBM QSPDFTT PO MPOH UJNFTDBMFT
	
 	TFF 4*

5IF $JTPUPQF NBTT CBMBODF 	FR 
 JT CBTFE BSPVOE UIF
QSJODJQMF UIBU PO UJNF TDBMFT HSFBUFS UIBO UIF SFTJEFODF UJNF PG
DBSCPO JO UIF PDFBO 	BCPVU  ZFBST
 UIF RVBOUJUZ BOE JTPUPQJD
DPNQPTJUJPO PG DBSCPO FOUFSJOH BOE FYJUJOH UIF BUNPTQIFSF
PDFBO TZTUFN 	"
 NVTU CF UIF TBNF 	

ˡ$JO  ˡ$PSHG PSH  ˡ$DBSC 	  G PSH
 	

4UBOEBSE DBMDVMBUJPOT UIFO BTTVNF UIBU UIF BWFSBHF JTPUPQJD
DPNQPTJUJPO PG DBSCPO JOQVU 	ˡ$JO
 JT DPOTUBOU BOE BQQSPYJ
NBUFMZ FRVBM UP ˡ$NBOUMF PS BCPVU ಽsಽ 3FBSSBOHJOH FRVB
UJPO 	
 UIFO BMMPXT UIF QSPQPSUJPO PG DBSCPO CVSJFE BT PSHBOJD
NBUUFS 	GPSH
 UP CF SFBE EJSFDUMZ GSPN UIF DBSCPOBUF $ JTPUPQF
SFDPSE 	
,OPXMFEHF PG GPSH BOE UIF UPUBM JOQVU 	ป PVUQVU
 SBUF
PG DBSCPO 'UPUBM UIFO BMMPXT UIF SBUF PG PSHBOJD DBSCPO CVSJBM BOE
IFODF PYZHFO QSPEVDUJPO UP CF FTUJNBUFE 	

'CH  'UPUBM  	ˡ$DBSC  ˡ$JO
  ˂# 	

'PMMPXJOH UIJT SFBTPOJOH QPTJUJWF ˡ$ FYDVSTJPOT BSF DPN
NPOMZ JOUFSQSFUFE BT PSHBOJD $ CVSJBM FWFOUT XIFSFCZ UIF SFTVM
&IG  ,ONG TERM CARBON CYCLE SHOWING ISOTOPE FRACTIONATION ! IS AT
MOSPHERE AND OCEAN CARBON ' IS BURIED ORGANIC CARBON AND # IS BURIED
CARBONATE CARBON &B REFERS TO BURIAL mUXES &W TO WEATHERING AND &M
TO METAMORPHICDEGASSING mUXES ˡX DENOTES THE ISOTOPIC FRACTIONATION OF
RESERVOIR 8 AND ˂" IS THE FRACTIONATION EFFECT APPLIED TO BURIED ORGANIC
CARBON TAKEN TO REPRESENT AN AVERAGE VALUE OVER THE 0HANEROZOIC 	 3IL
AND #ARB SHOW ALKALINITY mUXES FROM SILICATE AND CARBONATE WEATHERING
RESPECTIVELY WHICH ARE COMBINED TO CALCULATE &BC SEE 3)	 $ASHED LINES DENOTE
THE ಫNULLಬ CARBONATE WEATHERING ದ DEPOSITION CYCLE
UBOU PYZHFOBUJPO JT RVBOUJGJFE VTJOH UIF BTTVNQUJPOT UIBU UPUBM
$ UISPVHIQVU BOE OFU GMVYFT 	UIF OFU DBSCPO GMVY PO HFPMPHJDBM
UJNF TDBMFT FYDMVEFT UIF DBSCPOBUF XFBUIFSJOH GMVY
 XFSF TJNJMBS
UP UIF QSFTFOU EBZ BOE UIBU GPSH BQQSPYJNBUFT UIF QSPQPSUJPO PG
PVUHBTTFE $0 	JODMVEJOH XFBUIFSJOH TPVSDFT
 UIBU JT SFEVDFE
UP PSHBOJD DBSCPO 	
 'PS FYBNQMF UIF TVTUBJOFE CBTFMJOF
JODSFBTF PG ∼ಽ EVSJOH UIF FBSMZ /FPQSPUFSP[PJD 	
 JT JOUFS
QSFUFE UP JNQMZ BO BQQSPYJNBUF EPVCMJOH PG PSHBOJD CVSJBM EVF
UP JODSFBTFE QIZUPQMBOLUPO CPEZ TJ[F 	
 PS IJHI TFEJNFOUBUJPO
SBUFT 	
 'PS UIF ∼ (B -PNBHVOEJ &WFOU PG IJHI ˡ$ UIF
UPUBM FYDFTT PYZHFO QSPEVDFE IBT CFFO FTUJNBUFE BU B NBTTJWF 
 UJNFT UIF QSFTFOU JOWFOUPSZ PG BUNPTQIFSJD PYZHFO 	
 XJUI
PSHBOJD CVSJBM SBUFT UIPVHIU UP JODSFBTF CZ  UJNFT PWFS UIF
DPVSTF PG UIF JTPUPQF FYDVSTJPO 	

4VDI MBSHF JODSFBTFT JO PSHBOJD DBSCPO CVSJBM BSF EJGGJDVMU UP
SFDPODJMF XJUI UIF PQFSBUJPO PG UIF MPOHUFSN DBSCPO DZDMF8IJMTU
PSHBOJDT DPOUSJCVUF POMZ BSPVOE  PG HSPTT DBSCPO CVSJBM
	JF GPSH ป 
 UIFZ DPOTUJUVUF NPSF UIBO  	
 BOE
FWFO BT NVDI BT  	
 PG UIF OFU DBSCPO TJOL &WFO B EPVCMJOH
PG HMPCBM PSHBOJD DBSCPO CVSJBM PWFS HFPMPHJDBM UJNFTDBMFT XPVME
UIFSFGPSF SFRVJSF B NBTTJWF SFPSHBOJ[BUJPO PG UIF DBSCPO DZDMF
BMPOHTJEF B DPOUFNQPSBOFPVT JODSFBTF JO DBSCPO TPVSDFT UISPVHI
XFBUIFSJOH BOE EFHBTTJOH EVF UP UIF JNQPTTJCJMJUZ PG UIF PUIFS OFU
TJOL 	DBSCPOBUF EFQPTJUJPO GPMMPXJOH TJMJDBUF XFBUIFSJOH
 CFJOH
SFEVDFE CFMPX [FSP
" QIZTJDBM FSPTJPO DPOUSPM PO UIF DBSCPO JTPUPQF NBTT CBM
BODF
8F QSPQPTF IFSF UIBU MPOHUFSN WBSJBUJPO JO GPSH BOE IFODF
ˡ$ NBZ TPNFUJNFT CF ESJWFO CZ DIBOHFT JO UIF JOPSHBOJD
SBUIFS UIBO UIF PSHBOJD TJEF PG UIF DBSCPO DZDMF #FDBVTF UIF
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&IG  3TEADY STATES OF THE LONGTERM CARBON CYCLE MODEL 4HE SYSTEM SHOWN
IN &IGURE  IS RUN TO STEADY STATE FOR DIFFERENT VALUES OF THE RELATIVE GLOBAL
UPLIFTEROSION RATE "OLD LINES -	 SHOW RESULTS WHEN SILICATE WEATHERING
DELIVERS AROUND  OF OCEAN PHOSPHATE  SEE 3)	 DASHED LINES -	 SHOW
RESULTS WHENWHEN SILICATE WEATHERING DELIVERS ONLY  OF OCEAN PHOSPHATE
	 AND DOTTED LINES -	 SHOW RESULTS WHEN ALL 0 DELIVERY IS INSTEAD FROM
CARBONATE WEATHERING 4HE EQUATIONS GOVERNING THE RESPONSE OF mUXES TO
RESERVOIR SIZES AND GLOBAL TEMPERATURE FOLLOW CURRENT MODELS  	 3EE 3)
FOR FULL MODEL DESCRIPTION -!4,!" CODE AND FURTHER EVALUATION
DBSCPOBUF XFBUIFSJOH ದ EFQPTJUJPO DZDMF JT $0 OFVUSBM PO UJNF
TDBMFT SFMFWBOU UP UIF $JTPUPQF NBTT CBMBODF JODSFBTJOH UIF
DBSCPOBUF XFBUIFSJOH 	BOE EFQPTJUJPO
 SBUFT BDUT UP EFDSFBTF GPSH
XJUIPVU JNQBDUJOH UIF OFU DBSCPO GMVYFT SFTQPOTJCMF GPS ESJWJOH
DMJNBUF "MUIPVHI UIJT JT OPU UIF GJSTU TUVEZ UP MJOL DIBOHFT JO
DBSCPOBUF XFBUIFSJOH UP ˡ$ GPS FYBNQMF JU IBT CFFO TIPXO UIBU
B USBOTJFOU JODSFBTF JO DBSCPOBUF XFBUIFSJOH SBUFT XPVME ESJWF BO
JODSFBTF JO ˡ$JO 	
 PVS QSPQPTJUJPO EJGGFST GSPNQSFWJPVT XPSL
CZ IJHIMJHIUJOH IPX TVTUBJOFE DIBOHFT JO DBSCPOBUF EFQPTJUJPO
SBUFT DBO BMUFS GPSH EJSFDUMZ
4VDI DIBOHFT JO UIF JOPSHBOJD DBSCPO DZDMF NBZ CF CSPVHIU
BCPVU CZ WBSJBUJPO JO FSPTJPO SBUFT ESJWJOH TUFQ DIBOHFT JO DBSCPO
BUF XFBUIFSJOH BOE UIFSFGPSF HSPTT DBSCPO UISPVHIQVU 8IJMTU
DIBOHFT JO FSPTJPO SBUF NBZ BMTP JOJUJBMMZ BGGFDU UIF OFU GMVYFT PG
TJMJDBUF XFBUIFSJOH BOE PSHBOJD $ CVSJBM UIFTF NVTU FWFOUVBMMZ
SFUVSO UP CBMBODF UIF DBSCPO DZDMF BU TUFBEZ TUBUF WJB UFNQFSBUVSF
BOE OVUSJFOU GFFECBDLT 5IFSF JT OP TVDI SFRVJSFNFOU GPS DBSCPO
BUF XFBUIFSJOH 5IJT LFZ EJGGFSFODF CFUXFFO UIF OFU BOE HSPTT
DBSCPO GMVYFT NBZ FYQMBJO XIZ UIF FSPTJPOBM GPSDJOH PG PSHBOJD
CVSJBM EPFT OPU LFFQ QBDF XJUI DBSCPOBUF CVSJBM EVSJOH UIF FBSMZ
1BMBFP[PJD BOE PUIFS PSPHFOJD FWFOUT 	'JH 

$POTJEFSJOH UIBU NPVOUBJOT EPNJOBUF HMPCBM EFOVEBUJPO
SBUFT 	
 BOE UIBU DBSCPOBUF XFBUIFSJOH JT QSPQPSUJPOBUFMZ NPSF
JNQPSUBOU BU IJHIFS FSPTJPO SBUFT 	
 XF BSHVF UIBU GPSH 	BOE
IFODF UIF ˡ$ DPNQPTJUJPO PG UIF BUNPTQIFSFPDFBO TZTUFN
 XJMM
CF MPXFSFE CZ UFDUPOJD VQMJGU BOE FSPTJPO VOMFTT DPNQFOTBUFE GPS
CZ JODSFBTFE SBUFT PG OFU DBSCPO GMVY 	PVUHBTTJOH
 $POWFSTFMZ
EVSJOH QFSJPET PG MPX EFOVEBUJPO SBUFT ˡ$ WBMVFT XJMM UFOE
UP CF IJHIFS BMUIPVHI UIF PWFSBMM XFBUIFSJOH GMVY BOE PSHBOJD
CVSJBM SBUFT NBZ CF MPXFS 5IJT JT BQQBSFOU XIFO DPOTJEFSJOH UIF
FWJEFODF GPS MPX ˡ$ EVSJOH UJNFT PG TVQFSDPOUJOFOU GPSNBUJPO
BOE IJHI ˡ$ EVSJOH UJNFT PG TVQFSDPOUJOFOU TUBCJMJUZ 	 

BOE DBO CF PCTFSWFE CZ SFBSSBOHJOH FRVBUJPO 	
 BTTVNJOH UIBU
FSPTJPO BGGFDUT 'UPUBMˡ$DBSC  	'CH  ˂#
'UPUBM  ˡ$JO 	

5BLJOH BWFSBHF WBMVFT GSPN UIF MJUFSBUVSF GPS DBSCPO
GMVYFT 	'XH   NPMZS 'XD   NPMZS 'NH  
Y NPMZS 'ND   Y NPMZS 'CH  Y NPMZS 'UPUBM  'XD
 'ND  'XH  'NH   Y NPMZS 	 
 FRVBUJPO 	

TVHHFTUT UIBU USFOET JO UIF MPOHUFSN ˡ$ BWFSBHF PG ∼ಽ UP
∼ಽ DBO CF FYQMBJOFE CZ WBSZJOH UIF DBSCPOBUF XFBUIFSJOH GMVY
CFUXFFO  UJNFT BOE  UJNFT UIF QSFTFOU EBZ SBUF SFTQFDUJWFMZ
XJUIPVU SFRVJSJOH BOZ DIBOHF JO UIF SBUF PG PSHBOJD DBSCPO CVSJBM
4VDI DIBOHFT BSF XJUIJO UIF MJNJUT PG QVCMJTIFE FTUJNBUFT CBTFE
PO UIF 4S JTPUPQF SFDPSE BOEPS TFEJNFOUBUJPO SBUFT 	TFF 4*
 /PUF
UIBU UIJT NFDIBOJTN EPFT OPU SFRVJSF DIBOHFT JO ˡ$JO
.PEFMMJOH UIF DBSCPO JTPUPQF NBTT CBMBODF
5P JMMVTUSBUF UIJT JEFB XF DPNQVUF UIF TUFBEZ TUBUFT PG UIF
MPOHUFSN DBSCPO DZDMF NPEFM XJUI SFTQFDU UP UIF SFMBUJWF HMPCBM
FSPTJPO SBUF 	'JHVSF 
 5IF GMVY DBMDVMBUJPOT GPMMPX UIF (&0
$"3# BOE $014& NPEFMT 	 
 VOEFS QSFTFOU EBZ DPOEJUJPOT
JODMVEJOH CPUI EJSFDU FSPTJPO BOE UFNQFSBUVSF FGGFDUT PO XFBUI
FSJOH GMVYFT 5IF JTPUPQF NBTT CBMBODF DBMDVMBUJPOT JO PVS NPEFM
EP OPU EJGGFS GSPN UIPTF FNQMPZFE JO #FSOFSಬT BOBMZTJT 	
 CVU
DSJUJDBMMZ PVS NPEFM UBLFT JOUP BDDPVOU UIF FGGFDUT PG FSPTJPO PO
DBSCPOBUF XFBUIFSJOH 5IJT JT JO MJOF XJUI UIF BCPWF EJTDVTTJPO
BOE XJUI EJSFDU FWJEFODF GPS DPOTJEFSBCMF DBSCPOBUF XFBUIFSJOH
JO BSFBT PG IJHI FSPTJPO BOE SFMJFG FH UIF NPVOUBJOPVT BOE GPSF
MBOE BSFBT PG UIF "OEFT 	
 4FF 4* GPS GVSUIFS NPEFM EJTDVTTJPO
"O JNQPSUBOU DPOTJEFSBUJPO JO UIJT XPSL JT UIBU DIBOHFT JO
FSPTJPO SBUF BMTP BMUFS UIF SBUF PG PSHBOJD DBSCPO CVSJBM WJB
DIBOHFT UP UIF QIPTQIPSVT DZDMF 5P FYQMPSF UIJT GVSUIFS XF MJOL
UIF SBUF PG PSHBOJD DBSCPO CVSJBM JO UIF NPEFM UP UIF BWBJMBCJMJUZ
PG QIPTQIPSVT 	 
 1IPTQIPSVT FOUFST UIF TVSGBDF TZTUFN WJB
UIF XFBUIFSJOH PG TJMJDBUF DBSCPOBUF BOE PSHBOJD $CFBSJOH SPDLT
BOE UIF TUSFOHUI PG UIF SFMBUJPOTIJQ CFUXFFO FSPTJPO BOE PSHBOJD
$ CVSJBM EFQFOET PO UIF 1 EFMJWFSZ GSPN UIF XFBUIFSJOH PG FBDI
JOEJWJEVBM SPDL UZQF
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&IG  #OMPARISON OF POSITIVE ˡ# EXCURSIONS DRIVEN
BY BURIAL AND EROSION EVENTS0ANELS SHOW ! 2ELATIVE
MODEL FORCING FACTOR " "URIAL mUXES FOR CARBONATE
&BC BLUE	 AND ORGANIC CARBON &BG RED	 # /CEAN
PHOSPHATE $ !TMOSPHERE AND OCEAN CARBON % ˡ#
OF ATMOSPHEREOCEAN CARBON RESERVOIR 0ANELS &* RE
PEAT THESE QUANTITIES FOR THE SECOND MODEL SCENARIO
! POSITIVE ˡ# EXCURSION IS DRIVEN BY INCREASED OR
GANIC CARBON BURIAL VIA ENHANCEMENT OF PHOSPHORUS
WEATHERING !%	 AND IS COMPARED TO A POSITIVE ˡ#
EXCURSION DRIVEN BY A CHANGE IN EROSION &*	 "OTH
FORCINGS GREEN LINES	 ARE RAMPED OVER A  -YR PE
RIOD BEGINNING AT T 3OLID LINES SHOW RAPID RECYCLING
MODEL 22 ON SEE TEXT	 DASHED LINES SHOW NO RAPID
RECYCLING .OTE THAT THE POSITIVE EXCURSION DRIVEN BY
ORGANIC # BURIAL IS ASSOCIATED WITH A DECREASE IN ATMO
SPHEREOCEAN CARBON PANEL $	 WHILST THE EXCURSION
DRIVEN BY EROSION IS ASSOCIATED WITH AN INCREASE IN THE
CARBON RESERVOIR PANEL )	 0 INPUT FROM WEATHERING
FOLLOWS (ARTMANN ET AL 	 	 &ULL MODEL OUTPUT
IS INCLUDED IN THE 3)
3FDFOU TUVEJFT PG 1 EFMJWFSZ GSPN EJGGFSFOU SPDL UZQFT 	

 TVHHFTU UIBU TJMJDBUFT QMBZ UIFNBKPS SPMF EFMJWFSJOHNPSF UIBO
PG SJWFSJOF 1 	TFF 4*
 5IFNPEFM SVO TIPXJOH UIJT TFUVQ 	.

JT TIPXO JO CPME JO GJHVSF  8IFO UIF XFBUIFSJOH PG TJMJDBUFT
JT DIJFGMZ SFTQPOTJCMF GPS 1 EFMJWFSZ BO JODSFBTF JO FSPTJPO XJMM
OPU HSFBUMZ BGGFDU UIF TUFBEZ TUBUF 1 EFMJWFSZ PS PSHBOJD $ CVSJBM
CFDBVTF UIF HMPCBM TJMJDBUF XFBUIFSJOH SBUF JT UJHIUMZ DPOUSPMMFE BU
TUFBEZ TUBUF CZ UIF SBUF PG $0 SFMFBTF 	XIJDI SFNBJOT DPOTUBOU
JO UIF NPEFM
 BOE CZ BOZ JNCBMBODF JO UIF PSHBOJD $ DZDMF
%BTIFE MJOFT JO GJHVSF  TIPX SFTVMUT XIFO TJMJDBUFT BSF BT
TVNFE UP DPOUSJCVUF POMZ ∼ PG HMPCBM 1 EFMJWFSZ 	.
 BT
XBT BTTVNFE JO UIF PSJHJOBM $014& NPEFM CBTFE PO DSVTUBM
JOWFOUPSJFT SBUIFS UIBO TVQQMZ SBUFT 	
 5IF EPUUFE MJOFT 	.

TIPX B NPSF FYUSFNF DBTF XIFSF BMM 1 EFMJWFSZ SFTVMUT GSPN
DBSCPOBUF XFBUIFSJOH 5IFTF DPOGJHVSBUJPOT TIPX UIBU JG NPTU 1
JT TVQQMJFE CZ UIF XFBUIFSJOH PG DBSCPOBUFT PS GPMMPXT B TJNJMBS
FSPTJPOBM GPSDJOH UP DBSCPOBUFT 	JF QSFGFSFOUJBMMZ XFBUIFSFE BU
IJHI FSPTJPO SBUFT
 	
 UIFO BO JODSFBTF JO FSPTJPO SBUF XPVME
TJHOJGJDBOUMZ JODSFBTF 1 EFMJWFSZ BOE UIFSFGPSF PSHBOJD $ CVSJBM
BU TUFBEZ TUBUF 5IJT XPVME BDU UP DPVOUFS UIF EJSFDU FGGFDU PG
JODSFBTFE FSPTJPO BOE DBSCPOBUF XFBUIFSJOHEFQPTJUJPO PO ˡ$
CVU POMZ BT GBS BT DBSCPO NBTT CBMBODF DBO BMMPX
8F DPODMVEF GSPN UIJT BOBMZTJT UIBU DIBOHFT JO FSPTJPO SBUFT
NPTU MJLFMZ FYFSU B QPXFSGVM GJSTUPSEFS DPOUSPM PO MPOH UFSN
DBSCPOBUF ˡ$ XIJDI JT POMZ QBSUJBMMZ OVMMJGJFE CZ BTTPDJBUFE
DIBOHFT JO UIF QIPTQIPSVT DZDMF BOE PSHBOJD DBSCPO CVSJBM
8F BDLOPXMFEHF UIBU UIF MPOHUFSN FGGFDUT PG FSPTJPO PO
HMPCBM 1 EFMJWFSZ BOE PSHBOJD DBSCPO CVSJBM BSF TUJMM QPPSMZ DPO
TUSBJOFE 6ODFSUBJOUJFT FYJTU JO UIF WBSJPVT UFNQFSBUVSF BOE FSP
TJPO FGGFDUT PO JOEJWJEVBM DIFNJDBM XFBUIFSJOH GMVYFT UIF EFHSFF
PG QSFGFSFOUJBM DIFNJDBM XFBUIFSJOH PG BDDFTTPSZ BQBUJUFNJOFSBMT
BOE UIF QPTTJCJMJUZ UIBU DIBOHFT JO TFEJNFOUBUJPO SBUF NBZ JNQBDU
PSHBOJD DBSCPO CVSJBM EJGGFSFOUMZ UP UIF CVSJBM PG DBSCPOBUFT *O
QBSUJDVMBS JU IBT CFFO QSPQPTFE UIBU JODSFBTFE SBUFT PG TFEJNFO
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UBUJPO XJMM FOIBODF UIF QSFTFSWBUJPO PG CVSJFE PSHBOJD DBSCPO BOE
QIPTQIPSVT 	
 0VS NPEFM DBMDVMBUFT UIF SBUF PG PSHBOJD DBSCPO
CVSJBM CBTFE PO B SFMBUJPOTIJQ CFUXFFO PDFBO QIPTQIBUF OFX
QSPEVDUJPO BOE TFEJNFOUBUJPO SBUF 	
 CVU XF IBWF BMTP SVO BO
BMUFSOBUJWF NPEFM TFUVQ UP GVSUIFS FYQMPSF UIJT JEFB XIFSFJO XF
TUSFOHUIFO UIJT SFMBUJPOTIJQ CZ HJWJOH UIF CVSJBM SBUFT PG PSHBOJD
DBSCPO BOE QIPTQIPSVT BO BEEJUJPOBM MJOFBS EFQFOEFODF PO UIF
HMPCBM FSPTJPO SBUF 5IF NPEFM SFTVMUT GPS PDFBO QIPTQIBUF DPO
DFOUSBUJPO BSF BMUFSFE VOEFS UIFTF BTTVNQUJPOT CVU UIF TUFBEZ
TUBUF CVSJBM SBUFT PG DBSCPO BOE QIPTQIPSVT BSF OPU BGGFDUFE
BT UIFZ BSF VMUJNBUFMZ DPOTUSBJOFE CZ UIF TVQQMZ GMVY PG 1 GSPN
XFBUIFSJOH 	TFF 4* GPS NPSF EFUBJMT

0VS NPEFM SVO . TIPXT XIBU XF DPOTJEFS UP CF UIF DVSSFOU
CFTU HVFTT GPS UIFTF NFDIBOJTNT 	TFF 4* GPS NPSF EFUBJMT BOE
PUIFS NPEFM SVOT
 CVU B NPEFM JT OPU VOFRVJWPDBM QSPPG BOE
JU JT DMFBSMZ UIFPSFUJDBMMZ QPTTJCMF GPS FSPTJPO UP JODSFBTF PSHBOJD
$ CVSJBM NPSF UIBO JU JODSFBTFT UIF CVSJBM SBUF PG DBSCPOBUFT
	FH NPEFM SVO .
 )PXFWFS JG UIJT XFSF UIF DBTF XF XPVME
FYQFDU ˡ$ WBMVFT UP JODSFBTF XJUI JODSFBTJOH FSPTJPO SBUFT CVU
UIJT JT FGGFDUJWFMZ GBMTJGJFE CZ UIF BOUJDPSSFMBUJPO PG ˡ$ BOE BMM
BWBJMBCMF FSPTJPO QSPYJFT 8F UIFSFGPSF DPODMVEF UIBU BMUIPVHI
FSPTJPO SBUFT NVTU DFSUBJOMZ JODSFBTF UIF SBUF PG 1 EFMJWFSZ BOE
PSHBOJD $ CVSJBM TVDI JODSFBTFT NVTU CF MFTT UIBO UIF JODSFBTFT UP
UIF CVSJBM SBUF PG DBSCPOBUFT
'JHVSF  TIPXT B TFSJFT PG UJNFEFQFOEFOU NPEFM SVOT XIFSF
B ಽ QPTJUJWF FYDVSTJPO JO ˡ$ JT DBVTFE CZ FJUIFS JODSFBTJOH
PSHBOJD DBSCPO CVSJBM 	WJB JODSFBTFE 1 EFMJWFSZ
 PS EFDSFBTJOH
UIF FSPTJPO SBUF *ODSFBTJOH ˡ$ WJB BO PSHBOJD $ CVSJBM FWFOU
	'JHVSF  "&
 SFTVMUT JO B EFDSFBTF JO UIF BUNPTQIFSFPDFBO
DBSCPO SFTFSWPJS JF B EFDSFBTF JO BUNPTQIFSJD Q$0 BOE HMPCBM
DPPMJOH %SJWJOH B TJNJMBS QPTJUJWF FYDVSTJPO WJB B SFEVDUJPO JO
FSPTJPO SBUFT 	'JHVSF  '+
 DBVTFT B XBSNJOH FWFOU EVF UP UIF
XFBLFOJOH PG TJMJDBUF XFBUIFSJOH *NQPSUBOUMZ XF TIPX UIBU B
QPTJUJWF ˡ$ FYDVSTJPONBZ CF DPJODJEFOU XJUI FJUIFS BO JODSFBTF
PS EFDSFBTF JO UIF SBUF PG PSHBOJD DBSCPO CVSJBM 5IJT TIPVME CF B
TFSJPVT DPOTJEFSBUJPO GPS XPSL BJNJOH UP UJF UIF $ JTPUPQF SFDPSE
UP HMPCBM CJPHFPDIFNJDBM FWFOUT
"O JNQPSUBOU GBDUPS JOGMVFODJOH UIF UJNFEFQFOEFOU SF
TQPOTF PG UIF NPEFM JT UIF BTTVNQUJPO PG ಫSBQJE SFDZDMJOHಬ PG
JTPUPQF TJHOBMT EVF UP UIF QSFEPNJOBOU XFBUIFSJOH PG SFDFOUMZ
EFQPTJUFE TFEJNFOUT 5IJT JEFB IBT CFFO FYQMPSFE JO FBSMZ DBSCPO
BOE TVMQIVS DZDMF NPEFMT 	
 BOE JT JODMVEFE JO UIF (&0$"3#
NPEFMT 	
 8F JODMVEF UIJT FGGFDU IFSF CZ SFEVDJOH UIF TJ[F PG UIF
DSVTUBM QPPMT PG PSHBOJD DBSCPO BOE DBSCPOBUFT UP BSPVOE  PG
UIF UPUBM DSVTUBM JOWFOUPSZ BMMPXJOH GPS NVDI RVJDLFS WBSJBUJPO JO
JTPUPQJD DPNQPTJUJPO 	33 PO TPMJE MJOFT JO GJHVSF 
 5IJT GPMMPXT
#FSOFS 	 
 %BTIFE MJOFT BTTVNF OP SBQJE SFDZDMJOH JF UIBU
UIF JTPUPQJD TJHOBUVSF PG XFBUIFSFENBUFSJBM SFQSFTFOUT UIF XIPMF
DSVTUBM JOWFOUPSZ "T NBZ CF FYQFDUFE UIF SBQJE SFDZDMJOH NPEFM
BDRVJSFT TUFBEZ TUBUF BSPVOE BO PSEFS PG NBHOJUVEF RVJDLFS UIBO
UIF OPO33NPEFM)PXFWFS UIF DIPJDF PGNPEFMT EPFT OPU BGGFDU
UIF RVBMJUBUJWF EZOBNJDT XF XJTI UP EFNPOTUSBUF
5IF JTPUPQJD DPNQPTJUJPO PG DBSCPO JOQVUT 	ˡ$JO
 JT OPU
GJYFE JO PVS NPEFM CVU SFTQPOET UP UIF DIBOHJOH DPNQPTJUJPO
PG UIF DSVTUBM SFTFSWPJST "MUIPVHI DIBOHFT UP ˡ$JO 	FH EVF
UP QSFGFSFOUJBM XFBUIFSJOH PG IJHIˡ$ MJUIPMPHJFT
 IBWF CFFO
TIPXO UP ESJWF $ JTPUPQF FYDVSTJPOT 	 
 UIF NFDIBOJTN
FYQMPSFE JO UIJT QBQFS EPFT OPU EFQFOE PO WBSJBUJPOT JO ˡ$JO "T
BO FYBNQMF XF SVO UIF NPEFM XJUI UIJT QBSBNFUFS GJYFE 	'JHVSF
4
 XIJDI TIPXT UIF TBNF RVBMJUBUJWF SFTVMUT
*OUFSSPHBUJOH DBSCPO JTPUPQF FYDVSTJPOT
" QPTJUJWF DBSCPO JTPUPQF FYDVSTJPO DBVTFE CZ DIBOHFT UP
UIF JOPSHBOJD DBSCPO DZDMF IBT EJGGFSFOU DMJNBUJD FGGFDUT GSPN
POF DBVTFE CZ JODSFBTJOH UIF CVSJBM SBUF PG PSHBOJDT OPUBCMZ BO
JODSFBTF JO $0 BOE TVSGBDF UFNQFSBUVSF SBUIFS UIBO B EFDSFBTF
4VDI UFTUBCMF EJTUJODUJPOT BMMPX VT UP DPOTUSBJO UIF DBVTFT PG TQF
DJGJD DBSCPO JTPUPQF FWFOUT BOE TVHHFTU UIBUNBKPS CVU TIPSUMJWFE
ˡ$ FWFOUT XIJDI DPJODJEF XJUI HMPCBM DPPMJOH TVDI BT UIF MBUF
0SEPWJDJBO )JSOBOUJBO FWFOU DPVME QPUFOUJBMMZ SFMBUF UP FYDFTT
PSHBOJD CVSJBM 5IF MPOHFS 1FSNP$BSCPOJGFSPVT HMBDJBUJPOT BMTP
PDDVSSFE BU B UJNF PG HFOFSBMMZ IJHI ˡ$ BOE BSF UIVT DPOTJTUFOU
XJUI BO FMFWBUFE PSHBOJD CVSJBM GMVY QFSIBQT BTTPDJBUFE XJUI UIF
FWPMVUJPO PG B NPEFSO MBOE CJPUB 	
 )PXFWFS SFMBUJWFMZ MPX
FSPTJPO SBUFT UISPVHIPVU UIJT QFSJPE JNQMZ UIBU SBUFT PG PSHBOJD
$ CVSJBM OFFE OPU IBWF CFFO BT IJHI BT QSFWJPVTMZ UIPVHIU ದ
QPUFOUJBMMZ SFTPMWJOH DPOGMJDUT PWFS UIF QSFEJDUJPO PG IZQFSBN
CJFOU 0 MFWFMT 	
 #Z DPOUSBTU HMBDJBUJPO EVSJOH UIF $FOP[PJD
JT BTTPDJBUFE XJUI EFDSFBTJOH ˡ$ BOE TP BQQFBST UP CF NPSF
DPOTJTUFOU XJUI UIF OPUJPO UIBU UIF FSPTJPOBM GPSDJOH PG DBSCPOBUF
EFQPTJUJPO PVUXFJHIFE UIBU PG PSHBOJD CVSJBM
4PNF UJNFT PG FMFWBUFE ˡ$ EP OPU DPJODJEF XJUI HMBDJB
UJPO BOE UIJT JT UIF DBTF GPS UIF QPTUHMBDJBM -PNBHVOEJ &WFOU
PG FYDFQUJPOBMMZ IJHI ˡ$ EVSJOH UIF 1BMBFPQSPUFSP[PJD  4VDI
IJHI ˡ$ WBMVFT NBZ SFTVMU GSPN B IVHFMZ JODSFBTFE PYJEBUJWF
XFBUIFSJOH GMVY 	
 GPMMPXJOH UIF (SFBU 0YJEBUJPO &WFOU XIJDI
DPVME IBWF CFFO TFMGTVTUBJOFE CZ PYZHFOJD TJEFSJUF 	JSPO DBSCPO
BUF
 XFBUIFSJOH 	
 "MUIPVHI OPU SFMBUFE UP EFDSFBTFE FSPTJPO
SBUFT UIF -PNBHVOEJ &WFOU DBO TUJMM CF WJFXFE BT B UJNF PG
QSPQPSUJPOBUFMZ IJHIFS OFU DBSCPO GMVY SFMBUJWF UP HSPTT DBSCPO
UISPVHIQVU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